Most multiphoton imaging of biological specimens is performed using microscope objectives optimized for high image quality under wide-field illumination. We present a class of objectives designed de novo without regard for these traditional constraints, driven exclusively by the needs of fast multiphoton imaging in turbid media: the delivery of femtosecond pulses without dispersion and the efficient collection of fluorescence. We model the performance of one such design optimized for a typical brain-imaging setup and show that it can greatly outperform objectives commonly used for this task.
The application of multiphoton excitation 1, 2 to biological imaging has greatly extended the usefulness of microscopic techniques as tools for the study of neuronal morphology and activity. One of the most important advantages of multiphoton excitation over other methods for functional imaging of neuronal activity is the confinement of excitation to a very small, micrometer-sized, region around the focal spot. Many fluorescent dyes have been developed that report various aspects of neuronal activity through a change in their fluorescent cross section. The hard physical limit on how small a change in the reported quantity can be measured in a given amount of time is the shot noise-the noise resulting from the probabilistic nature of absorption and emission of individual photons. If wide-field illumination is used to excite fluorescent molecules in bulk-loaded neuronal tissue, the collateral shot noise from all the fluorescence photons emitted above and below the plane of focus can obscure any signal coming from the focal plane and so thwart the measurement of faint or fast changes. Confocal scanning microscopy suffers the same limitation, since the pinhole cannot distinguish between fluorescence photons coming from the focus and background photons whose final trajectories upon exit from tissue intersect with the location of the focal spot. Here multiphoton excitation comes to the rescue by not exciting in the first place any locations away from the focus: the optical sectioning inherent in nonlinear excitation means that nearly every fluorescence photon that can be collected must have originated at the focus regardless of scattering. This permits more efficient detection of fluorescence than is possible with confocal techniques.
The small size of the volume excited in multiphoton and confocal techniques severely limits the number of fluorescent molecules that can be excited in a given amount of time, making every emitted photon precious. In epifluorescence imaging, a large fraction of these emitted photons is typically lost right at the outset. For instance, the ubiquitous 40ϫ 0.8 NA water-immersion objectives commonly used for twophoton imaging of neurons in vivo have a geometrical acceptance of ϳ10% before any losses inside the objective and the microscope are taken into account. This inefficiency alone reduces the shot noise-limited signal-to-noise ratio by more than a factor of 3 from its physical limit. When imaging in a highly turbid but weakly absorbing medium, such as cortical gray matter where the scattering length is a few orders of magnitude shorter than the absorption length, this problem can be exacerbated by the high magnification of the objective, making it more likely that scattered fluorescence photons that do get collected by the objective ultimately miss the detector. [3] [4] [5] [6] In addition to these detection inefficiencies, most widely used objectives are corrected and coated for a wavelength range shorter than that of excitation light typically used in biological multiphoton imaging. Any residual aberrations and losses at longer excitation wavelengths limit their utility in functional imaging of living tissue in two important ways: by reducing the available imaging depth for a given laser power and by increasing the rate of heating of tissue, possibly affecting the physiological processes under observation, if fluorescence intensity must be kept constant. To reach the physical limits of the ability to measure fast and small changes in neuronal membrane voltage we set out to design a class of microscope objectives that minimize these problems.
The concept of a hybrid objective is illustrated in Fig. 1 . Excitation pulses are delivered through a refracting or reflecting image-forming pathway of moderate numerical aperture (NA). Emitted fluorescence is also collected by a nonimaging mirror configured to extend to the maximal aperture permitted by the geometry of the specimen. The image-forming pathway can be constructed using a wide variety of existing objective designs, e.g., by simply adding a reflective shroud around the modern designs used in patch clamping 7, 8 as illustrated in Fig. 1(b) . The use of a nonimaging pathway for fluorescence collection relaxes a number of constraints on the design of the imaging pathway. For example, a small portion of the nonimaging mirror can easily be cut out to allow access to tissue with electrodes with no adverse effect on image quality and with minimal loss of fluorescence collection efficiency [ Fig. 1(c) ], an approach not practical with traditional refracting objectives of very high NA.
The complexity of combining the imaging and nonimaging optical paths and building a mechanically robust objective with a refracting imaging pathway would likely necessitate the construction of a custom microscope. We therefore decided to optimize an allreflecting hybrid (HR) design constrained by the dimensions of a realistic brain-imaging setup-a common Nikon Eclipse E600FN upright microscope. The distance between the specimen surface and the objective mount was restricted to 65 mm. The working distance was set to 1 mm, the practical scatteringinduced depth limit for two-photon excitation. 9 The image-forming portion was constructed out of two aspheric mirrors, M1 and M2, arranged in a Cassegrain configuration, 10, 11 and its NA set to 0.65 in air (up to approximately 0.86 in a water-immersion configuration) to achieve a satisfactory resolution of multiphoton excitation along the z axis. The design was optimized for use with an acousto-optic deflector with a time-bandwidth product of 300 and a full deflection range of 2.8°, so first the location and the radius of curvature (ROC) of the aspheric mirror M1 were chosen to achieve the desired magnification ͑ϳ30ϫ ͒ to cover the field of view of approximately 200 m. The aspheric shapes of mirrors M1 and M2 were then optimized by using ZEMAX software (ZEMAX Development Corporation, Bellevue, Washington) to minimize aberrations within this field of view. The optimal solution, detailed in Table 1 , has the optical path difference well below / 4 throughout the entire field of view at near-infrared wavelengths. Since only reflecting surfaces are used, this objective introduces negligible temporal dispersion into the propagation of femtosecond pulses. The dominant aberrations limiting the performance of this design are spatial, namely, the spherical aberration and the astigmatism that prevent the focusing of femtosecond pulses into a diffraction-limited volume. To estimate their summed effect, in Fig. 2 we plot the profile of encircled energy at three regions within the field of view. The design is nearly diffraction limited throughout most of the field of view, with only a slight worsening in the corners.
To evaluate the efficiency of epifluorescence collection, we performed a Monte Carlo simulation of scattering in a semi-infinite turbid slab 4 using ZEMAX software. We compared the performance of our HR design with that of the models of three modern water-immersion objectives with long working distances: Olympus 40ϫ 0.8 NA and 60ϫ 0.95 NA, 7 and Nikon 100ϫ 1.1 NA. 8 All the objectives were evaluated within the same microscope geometry, shown in Fig. 1(d) . The collected fluorescence was required to pass through the three apertures inside the microscope to be considered detected. Figure 3 shows that the HR design has much higher epifluorescence collection efficiency at all imaging depths, as expected from the large geometric acceptance of the nonimaging pathway. The benefits of higher NA of the 100ϫ and 60ϫ objectives are lost at greater depths, because the likelihood of multiply scattered photons reaching the detector decreases as the magnification of the objective increases. The simulations of the refracting objectives did not take into account internal reflections or the losses at any apertures placed internally to improve off-axis image quality. Tissue surface was modeled as smooth and nonreflective. The losses at the central obstruction of the HR design are approximately 0.5%; for comparison, losses of similar magnitude would result from increasing the working distance by only 80 m. Scattered photons appear to come from a location different than their true origin: in a highly turbid semi-infinite slab the apparent source of fluorescence photons is a diffuse region extending about one scattering length below the surface of the medium with a radial extent linearly dependent on the imaging depth. 4 This suggests the possibility that the collection efficiency of the HR objective could be improved even further by displacing the nonimaging pathway relative to the focus of the imaging pathway. Similarly, a displacement in the opposite direction would be beneficial in the case where a thin turbid slab is placed in a recording chamber with a reflecting bottom, a model pertinent to the imaging of behaving Caenorhabditis elegans for instance. The magnitudes of these improvements are indicated by the dashed curves in Fig. 3 .
In conclusion, we introduced a class of hybrid microscope objectives with separate imaging and nonimaging portions. Such objectives are better suited to functional multiphoton imaging in turbid media than the traditional refracting objectives. We optimized one such all-reflecting design given the constraints of a realistic brain-imaging situation. We achieved nearly diffraction-limited performance of the imaging portion throughout a 200 m field of view with a relatively high NA and negligible temporal dispersion of femtosecond pulses. More importantly, we demonstrated a practical way to achieve a twofold to fourfold improvement in epifluorescence collection efficiency over traditional objective designs while maintaining the working distance required for deeptissue imaging. Wider commercial availability of hybrid objectives such as the ones described here would enable physiological recordings of longer durations with less tissue damage, as well as the recording of faster and smaller fluorescence changes. Table 1 is limited by the sum of all spatial aberrations of excitation pulses delivered through the imaging pathway, plotted here as the fraction of encircled energy delivered within a given distance from the centroid of the focal spot. A slight worsening of the resolution is evident only in the corners of the 200 m field of view. Table 1 . Dashed curves indicate that the configuration of the HR objective was modified by defocusing the nonimaging reflector to maximize the collection efficiency. The outlined values at negative imaging depths refer to a nonscattering sample. The "thin slab" configuration refers to a 200 m thick slab placed in a recording chamber with a reflecting bottom. The crossing at 400 m is an artifact of objective selection.
